We investigate theoretically the resonant inelastic x-ray scattering (RIXS) at the K edge of Si with systematically varying transfered-momenta, incident-photon energy and incidentphoton polarization. We confirm theoretically the anisotropy of a RIXS and provide a quantitative explanation of a experiment on RIXS at the K edge of Si (Y. Ma et al., Phys. Rev. Lett. 74, 478 (1995)). We clarify the implication of the spectral shape.
Introduction
Inelastic x-ray scattering is a promising method to study electronic structures in matters.
It is advantageous to use a resonant enhancement by tuning photon energy near absorption edge. Recently it has been revealed that this resonant inelastic x-ray scattering (RIXS) is a powerful tool for elucidating the electronic properties of solids. RIXS measurement has been applied to search for charge excitation modes in several cuprates 1, 2 and manganites, 3 with the incident photon energy tuned to the absorption K edge. Since corresponding photon energies are in the hard-X-ray region, the momentum transfer can not be neglected. One of the most interesting subjects is to investigate transfered-momentum dependence of the RIXS spectra.
In our previous paper, we have carried out a RIXS experiment at the K edge of Ge, with systematically varying transfered-momenta and have analyzed the experimental data on the basis of the band structure calculation. 4 The calculation has reproduced well the experimental data. Against our expectation, we have obtained a broad inelastic peak as a function of photon energy, whose shape is nearly independent of transfered-momenta. Here, we explain briefly the reason why the spectra are nearly independent of final-state momenta. The final state consists of one electron in the conduction band and one hole in the valence band. If the core-hole level in the intermediate state is sharp enough, we can select the momentum of the excited electron in the conduction band by sharply tuning the incident-photon energy. Then, selecting the final-state momentum by setting the scattering geometry, we can specify the momentum of the hole in the valence band. In this situation, one expects sharp peaks at the energy of the electron-hole pair, as a function of photon energy. For example, Ma has proposed the idea of valence band structure determination from RIXS spectra by means of scanning scattering vector without changing the incident-photon energy. 5 We have calculate the RIXS spectra at the K edge of Ge with varying values of the core-level width, to examine a possibility of determining band structure from RIXS experiment. For smaller values of core-level widths, it has been found that we can trace the energy dispersion with varying transfered-momenta. On the other hand, if the core-hole level is as broad as width of conduction band, many channels are opened to excite an electron with different momenta in the conduction band. Therefore, we need to sum up each contribution. In this case, the spectra are approximately given by a superposition of the p-DOS. The situation mentioned above is just applied to the RIXS at the K edge of Ge, because the 1s core-level width of Ge is estimated about 2eV, which is nearly equal to the width of conduction band of Ge. Therefore, we can naturally explain why the RIXS spectra at the K edge of Ge are nearly independent of transfered-momenta.
On the other hand, the 1s core-level width of Si is estimated about 0.6 eV which is smaller than the width of conduction band of Si. The K edge energy of Si is around 1840 eV. So, it is considered that the magnitude of transfered-momentum is not negligible in the RIXS at the K edge of Si. It implies that there is a possibility that the RIXS spectra at the K edge of Si have the transfered-momentum dependence. Actually, according to experiment results obtained by Ma et. al, RIXS spectra at the K edge of Si have transfered-momentum dependence. 6 In this paper, we investigate theoretically the RIXS at the K edge of Si and clarify the implication of the spectral shape, by means of the band structure calculation. This paper is organized as follows. The formalism for calculating the spectra is described in §2. In §3, the calculated results and discussion are presented. Section 4 is devoted to concluding remarks.
Formulation

Double Differential Scattering Cross-Section
RIXS is described by a second-order process. To obtain the double differential scattering cross-section, we use the generalized Fermi's golden rule where the interaction between light and electrons is treated by second order perturbation theory. For Si, an independent particle treatment for electron system seems to be appropriate, since electron correlations are weak. 5 Finally, we obtain the double differential scattering cross-section as follows.
where ω = ω 1 − ω 2 , and Ω = q 1 − q 2 are energy and momentum of the final state and e i , ω i and q i denote the polarization vector, the energy and the momentum vector of the 2/?? incident (i = 1) and emitted (i = 2) photon, respectively. ǫ e (k), ǫ h (k ′ ) and ǫ c are the energy of the excited electron with crystal momentum k in the conduction band e, that of the hole with crystal momentum k ′ in the valence band h, and that of the core state, respectively. The Γ is the 1s core-level width of Si. The crystal momentum conservation for the whole process is contained in the factor of Kronecker δ,
where G is the set of reciprocal lattice vectors. Overlined quantities indicate their complex conjugates. By using the dipole approximation, t a (p, τ |e) = drψ p,τ (r)e ·pφ 1s a (r − R a ), where R a , ψ p,τ and φ 1s
a are the position vector of atom a in unit cell, Bloch-wave function of a electron in the τ -band with crystal momentum p, and 1s-atomic orbital, respectively.
These quantities are evaluated on the basis of the band structure calculation described in the following sub-section.
Band Structure Calculation of Si
We calculate the band structure of Si by using the full-potential linearized augmentedplane-wave (FLAPW) method within the local-density approximation (LDA). The local exchange-correlation functional of Vosko et al. is employed. 7 The angular momentum in the spherical-wave expansion is truncated at l max = 6 and 7 for the potential and wave function, respectively. The energy cutoff of the plane wave is 12 Ry for the wave function. Figure 1 shows the energy vs. momentum relation thus evaluated. The energy band is labeled by attached numbers for later use.
Calculated Results and Discussion
RIXS spectra
In our formulation, the input parameters are Γ and ǫ c . We set Γ = 0.6 eV 8, 9 and ǫ c = −1839.95 eV (measured from Fermi level E F defined in figure 1 ). In our calculation of RIXS spectra, geometrical relations between q 1 , q 2 and crystal axis of Si (the normal and theta axis) are assumed as shown in a figure 2. From figure 2, it is found that the setup for scattering is uniquely determined by choosing the normal and theta axis. We can reproduce the experimental setup of Ma et. al 6 by choosing the normal axis n form (111), (110), and (100), and determining appropriate theta axis t. (The theta axis and incident-photon polarization in Ma et. al 's experiment are not indicated clearly in their paper. 6 )
Anisotropy of the RIXS at K edge of Si
We investigate the transfered-momentum dependence of RIXS spectra by varying the normal axis n. Figure 3 shows calculated RIXS spectra for ω 1 = 1840.8 eV, n=(111),(110), and (100) in comparison with experimental results by Ma et. al. 6 The calculation reproduces 3/?? well the experimental shape and feature such as three peak structure in the RIXS spectra for n = (111). The spectral shape changes with varying the normal axis. Therefore, we confirm theoretically that there exists an anisotropy of RIXS at the K Edge of Si. We clarify the implication of the spectral shape in subsection 3.2.
Incident-photon energy dependence of RIXS spectra
We investigate the incident-photon energy dependence of RIXS spectra. 3.1.3 Incident-photon polarization and azimuth angle dependence of RIXS spectra
We investigate incident-photon polarization dependence of RIXS spectra. Figure 6 shows calculated RIXS spectra with varying incident-photon polarization. From figure 6, we can see following facts. The RIXS spectra for n=(111) and (110) almost have no dependence of incident-photon polarization. On the other hand, the RIXS spectra for n=(100) change their low energy-loss parts by varying the incident-photon polarization. We also investigate azimuth angle dependence of RIXS spectra for n=(111),(110) and (100) with varying incident-photon energy between 1840.0 eV and 1841.0 eV (whose results are not presented in this paper). The spectral shapes do not change significantly with varying azimuth angle.
Clarifying the implication of the spectral shape
Here, we clarify the implication of the spectral shape. The spectra are decomposed into each contribution of band-to-band transitions specified by band indices. Figure 7 shows the result for ω 1 =1840.8 eV, n=(111), (110), and (100). From figure 7, we can see following facts.
The three peaks A, B and C of RIXS spectrum for n=(111) are mainly composed of transitions from the bands 4, 3 and 2 to the band 5, respectively. The maximum peaks of RIXS spectra for n=(110) and (100) are mainly composed of transitions from the bands 3 and 4 to the band 5. Next, we consider the origin of anisotropy of RIXS at K edge of Si. In our previous study, 4 we have shown following facts. If the value of core-level width Γ is small enough, spectral components of band-to-band transitions are sharp enough to exist separately in RIXS spectra.
Then, the peaks in RIXS spectra correspond to the peaks of spectral components directly.
The Raman-shift of the peak of spectral components corresponding to transition form valence band h to conduction band c is the energy of valence band h measured from minimum energy of conduction band c. Each peak moves directly reflecting dispersion of valence band with varying transfered-momenta. Therefore, RIXS spectra for sufficiently small value of Γ can have the anisotropy and we can trace the valence band structure from the peak position of RIXS spectra by means of scanning transfered-momenta. Here, we compare the RIXS spectra for realistic value of Γ(=0.6 eV) with the RIXS spectra for sufficiently small value of Γ(=0.02 eV), and investigate the relation of the peak position of RIXS spectra for Γ = 0.6 eV and Γ = 0.02 eV. Figure 8 shows the results for ω 1 = 1840.1914 eV, n =(111), (110) and (100).
From figure 8, we can see following facts. In the case of real value of Γ, many channels are opened to excite an electron with different momenta in the conduction band. We need to sum up each contribution. As a result, spectral components of band-to-band transitions become broader than the case of smaller value of Γ. Although spectral components moves with varying n, we cannot find the clear correspondence between the peaks of spectral components and the valence bands. Moreover, the peak structure of spectral components are smeared out in RIXS spectrum because the spectral components are broad enough to overlap each other.
Therefore, we cannot find the clear correspondence between the peaks of RIXS spectra and the dispersion of valence bands. The anisotropy disappears from RIXS spectra for Γ ≥ 1.5 eV as is the case of RIXS at the K edge of Ge 4 (whose results are not presented in this paper).
Summarizing this subsection, we conclude that the value of core-level width of Si is barely small to have anisotropy in RIXS but not small enough to determine the band structure from RIXS spectra.
Concluding Remarks
We have investigated theoretically the RIXS at K edge of Si with systematically varying transfered-momenta, incident-photon energy and incident-photon polarization. We have confirmed theoretically the anisotropy of RIXS and have provided a quantitative explanation of a experiment on RIXS at the K edge of Si performed by Ma et. al. 6 We have clarified the implication of the spectral shape. To have an anisotropy in RIXS, the sizable momentum transfer and core-level width smaller than conduction-bandwidth are required. The photon energy is required to obtain sizable momentum transfer but corresponding core-level widths are usually large. Therefore, it is difficult to satisfy the requirement of the sizable momentum transfer and small core-level width. In the case of RIXS at the K edge of Si, the value of core-level width of Si is barely small to have anisotropy in RIXS but not small enough to determine the band structure from RIXS spectra. -14.
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